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(54) Nonvolatile ferroelectric capacitor and nonvolatile ferroelectric memory 



(57) • A nonvolatile ferroelectric capacitor comprising 
Bi^fi^T^Ois thin film which is obtained by -substituting 
at least some atoms of nonvolatile element A such as 



~ Lafor volatile Bi atoms.in Bi 4 Ti 3 0 12 . Nonvolatile element 
A in perovskite layer of.Bi 4 . x A x Ti 3 0 12 suppress the gen- 

- eration of oxygen vacancies in the perovskite layer, 
thereby improving fatigue behavior. 
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Description - : -- . 

BACKGROUND OF THE INVENTION 

1. Field of the Inv ntion 

[0001] The present invention relates to a nonvolatile 
ferroelectric capacitor for nonvolatile semiconductor 
memory. More specifically, the present invention relates 
to a nonvolatile ferroelectric capacitor comprising lay- 
ered perovskite ferroelectric thin;- film made of 
Bi 4 . x A x Ti 3 0 12 for FeRAM (ferroelectric random access 
memory) application. , . 

i - - 

2. Description of the Related Art .-• ~ ■ ■ 

[0002] DRAM (Dynamic Random Access Memory) 
typically used in computer main memory systems can 
provide a low cost RAM solution with high "integration 
density and, particularly, has substantially no limitation 
on the number of write operations that can be: per- 
formed. But DRAM is susceptibleto damage from radi- 
ation, needs periodic refreshing to retain stored data, 
and is volatile; that is, it loses data in the absence of 
power. ■ 

[0003] In contrast, conventional nonvolatile memories 
such as EPROM, EEPROM and Flash Memory can 
maintain stored data even in the absence of power. 
However, these- nonvolatile memories are relatively 
costly, have low integration density, require extremely 
high voltages for relatively long time periods to write and 
erase data, and, most undesirably, allow very limited cy- 
cles of write and erase operations compared to DRAM. 
Therefore, conventional nonvolatile memories are gen- 
erally used in .read-only or. read-mostly applications.. 
[0004] -Recently, a new type of nonvolatile memory, 
so called the ferroelectric RAM (FeRAM), is; getting . at- 
tention in the semiconductor industry. Since r FeRAM 
stores digital data as two stable polarization states of 
the ferroelectric material, the polarization states being 
maintained when power is removed from FeRAM, it can 
maintain stored data even in the absence of power. In 
other words, FeRAM has nonvolatility: Moreover, as a 
change of polarization states occurs in substantially un- 
der 100ns, read/write operations of FeRAM can be per- 
formed as fast as those of DRAM. In addition, FeRAM 
is highly resistant to radiation damages and requires a 
low operation voltage. Therefore, FeRAM has been rec- 
ognized as a next generation mainstream memory se- 
lection.' 

[0005] However, several challenges still remain in or- 
der to provide commercially practicable FeRAM. The 
ferroelectric thin film used in a FeRAM should maintain 
high remnant polarization, and be substantially free of 
fatigue (a reliability failure caused by the decrease of 
the magnitud of remnant polarization under rep ated 
polarization switchings). In addition, the processing 
temperature of the ferroelectric mat rial should be low 



enough to be compatibl with the conv ntional semicon- 
ductor fabrication process.- 

[0006] For example., ferroelectric capacitors con- 
structed with perpvskite-family ferroelectric materials 

s such as PZT (PbTi0 3 -PbZr0 3 ) are well know in the art. 
However, when a ferroelectric capacitor is fabricated by 
depositing a PZT film on a conventional Pt electrode, 
the magnitude of the remnant polarization of the ferro- 
electric thin film decreases with the number of times that 

io the direction of polarization is switched, which is so 
called fatigue. Therefore, the FeRAM with PZT film can 
provide only a limited number of read/write cycles, fail- 
ing to overcome the problems of conventional nonvola- 
tile memories such as flash memory. 

.15 [0007] It has been reported that the fatigue failure 
originates from movement of oxygen vacancies and 
their entrapment at the electrode/ferroelectric interface. 
Under an external electric field, the oxygen vacancies 
generated in the ferroelectric film during the processing 

20 -move towards the electrode/ferroelectric interface and 
be entrapped at the interface, .which results in the loss 
of polarization. 

[0008] _ Two possible approaches have been suggest- 
ed to overcome the fatigue problem. One of them is to 

25 reduce the tendency for entrapment of oxygen vacan- 
cies by employing a multilayer electrode structure hav- 
ing conductive oxide electrodes such as Ru0 2i as dis- 
closed in U.S. Patent No 5,491,102 issued to Desu ef 
al. on February 1 3, 1 996. 

30 -.[0009] Another approach is to use ferroelectric mate- 
rials.other than PZT without changing the conventional 
electrode structure.- Such approach. is disclosed in U.S. 
Patent No. 5,519,234 issued to Paz de Araujo et al. en- 
titled "Ferroelectric dielectric memory cell can switch at 

35 . least Giga cycles and has low fatigue-has.high dielectric 
constant and low leakage current". U.S. Patent No. 
5,-519,234 discloses a memory cell capacitor with ex- 
tremely low fatigue comprising a layered superlattice 
material - having, formula Al^t 3 ! A2 w2 +a2 

■■ 4 ° A] wj -«jsi x1 ^s2 x2 ^2 

-Sk xk +skBi y1 +bi B 2 y2 +b2... B j y . + bjQ a .2 wherein A1, A2, 
— , Aj represent A-site elements, in a perovskite-like 
structure, B1, B2,— , Bj represent B-site elements in a 
perovskite-like structure,. S1, S2,— , Sk.represent su- 
■ ■45 - perlattice generatorelements, and Q represents an an- 
ion.. One or more perovskite ferroelectric layers which 
have a rigid crystal lattice and a non-ferroelectric layer 
which has a less rigid structure alternate with each other 
throughout the crystal of the layered superlattice mate- 
so rial. According to the U.S. Patent No. 5,519,234, the 
non-ferroelectric layers between the perovskite ferroe- 
lectric layers absorb the shock generated in the per- 
ovskite ferroelectric layers by repeated switching of po- 
larization and allow the ferroelectric thin film to maintain 
55 its high polarizable state. SBT, an exemplary layered su- 
perlattice material, maintains relatively high remnant po- 
. larization and low fatigue after 10 12 switching cycles. It 
should be noted, however, that excellent ferroelectric 
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properties of SBT in bulk had already been reported in 
various publications (see Solid '-State "3, 651(1961), G. 
A.Smolenski et al.; J. Am. Ceram: Soc:45. -166(1962); 
E.C.Subbarao; J, Phys. Cherh.- Solids 23. 655(1 962), E. . 
C.Subbarao). The' significance .©f " U.S. Patent No. 
5,519,234 lies in that the layeredsuperlattice materials 
such as SBT were found to exhibit'extremely low fatigue 
even in the form of thin film and were'used in fabricating 
FeRAM. i . 

[0010] Meanwhile, Bi 4 Ti 3 Oi 2 (BTO) is another Bi-lay- 
ered perovskite ferroelectric material which is known to 
show good ferroelectricity in bulk. However, BTO thin 
film has not been considered suitable for non-volatile 
ferroelectric memory, since the BTO thin film has a se- 
rious fatigue problem and Ti ions in the BTO thin film are 
known to diffuse into a silicon substrate to form conduc- 
tive titanium silicide during heat treatment. TheU:S.Pat- 
ent No.5,51 9,234 solved these problemsby sandwich- 
ing BTO thin film between buffer layers made of Sr-Ti0 3 . 
[0011] Even though SBT thin film oh the metal-elec- 
trode exhibits extremely low fatigue, it-has two disad- 
vantages. First, SBT has lower remnant polarization 
(2Pr=20 u.C/cm 2 ) than that of PZT (2Pr=35 uC/crh?), 
which makes it difficult for the change of the polarization 
states to be sensed by a sense amplifier: Second;'- the - 
existence of the intermediate metastab'le rionferrbelec — 
trie fluorite phase (Appl. Phys. Lett. 73, 2518 (1998)} S. 
J. Hyun ef al.) requires SBT thin film to be' annealed at 
high temperature ranging from 750 0 C toSSO^eforex" 
tended periods in order to transform" SBT material as 
deposited to have the layered perovskite phase-exhib- 
iting ferroelectricity. Thenigh temperature annealing im-.. 
poses serious constraints oh the baek^endprocess suctr; 
as interconnect formaticSn ' and contact-' metalizatidn 
process which usually require' a : "refativ6ly low thermal 
budget. -C: ' •" : - v -' : 

[0012] Moreover, the' buffer fayers sandwiching the 
BTO film complicate the fabrication process and in- 
crease the memory size, which results in increases the 
operating voltage and power consumption. 

SUMMARY OF THE INVENTION 

[001 3] The object of the present-invention is to provide 
a nonvolatile ferroelectric capacitors comprising a thin 
film of layered perovskite thermoelectric material which 
is substantially free of fatigue on the conventional metal 
electrode and has a large value of remnant polarization 
and low processing temperature. 
' [0014] The present invention' provides a nonvolatile 
ferroelectric capacitor employing layered perovskite fer- 
roelectric material which is obtained by substituting a 
non -volatile element such as La for the volatile Bi ele- 
ment in BTO. 

[001 5] The pr s nt invention also provid s a nonvol- 
atile ferroelectric memory comprising a nonvolatile fer- 
roelectric capacitor with a thin film of layered p rovskite 
ferroelectric material obtained by substituting a non-vol- 



atile element such as La for the volatile Bi «lement?tn' 
BTO. 

BRIEF DESCRIPTION OF THE DRAWINGS 

* - - - !-• ' •- ■ 

[0016] FIG. 1a is an illustration ofthe primitive unit cell 

of SrBi 2 Ta 2 Og crystal. ' " - 

[0017] FIG. 1 bis an. illustration of the primitive unitcell 

of Bi 4 Ti 3 0 12 crystal.- - ■ • ' '• - <- ■'■ 

io [0018] - FIG." 2a is an illustration of XPS test results of 
"reduced and oxidized thin films of SrBi 2 Ta 2 O g . 
{0019] ■■ FIG.-2bis an illustration of XPS test results of 
reduced and oxidized thin films of Bi 4 Ti 3 0 12 . 
[0020] Fig. 3 is an illustration of the primitive unit cell 

15 of Bi4. x La x Ti 3 0 9 crystal. ' - =.-':.-..- 

[0021] FIG. 4 is an flow chart of the fabrication proc- 
ess of anonvolatileferroelectric capacitor in accordance 
with a ; pref.erred embodiment of the preseat invention. 
■"[0022] "FIG. 5 is an illustration of XPS data of reduced 

2o and oxidized thin films of Bi4j x La x Ti 3 O g -. : ■. . • 

[0023] ' Fig. 6 is a cross sectional view ota nonvolatile 
ferroelectric capacitor 'fabricated in accordance with .a 
preferred embodiment of the- present invention.' 
[0024] Fig. ■ 7 -shows-, hysteresis ■ curves of 

■25 Bi 325 l_ao 

.75 T 3°i2 thin film before and after 3 x 10 10 
— twitching cycles. ■"-*.' ■•■ '■ • 

"[0025]- Fig. 8 is- an illustration :"of . results: of; PUND 
switching test: ; r. .- :: L ' • 

[0026] Fig^9"is" r an""illustration~ofrdielectric constant 
'30 , and loss tangent of Bi 3 ^ 5 La 0 7E T 3 Oi2 thin film. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0027] ^ The assertions on fatigue phenomenon in U. 
'35 S. patent No. 5,51 9,234 do not explain why BTO having 
similar'crystal structure asSBT exhibits fatigue. In order 
^determine the fatigue mechanism of layered per- 

• ■ dvskite ferroelectric materials and to understand the sta- 
" " btlity'of oxygen in layered perovskite ferroelectric mate- 

<o rials, ;BTO and' SBT thin .films, were subjected to post- 
-' annealing in oxygen ambient of tO^.tornand 400,torr. 

• Thereafter XPS (X-ray Photoemission Spectroscopy) 
- ■ tests were conducted on the reduced (lO^torp) and ox- 
idized. (400torr)tf>in. films of -BTO and SBT. 

45 [0028] Fig." la and Fig: to show the crystal structures 
■' of SBT and BTO, respectively. Both BTO and SBT have 
the. Bi-layered perovskite" structure. This structure can 
be expressed, by : a general formula of (Bi 2 0 2 ) 2+ 
(A x --, BxOsx+i) 2 -, Wherein A can be mono-, di-,-ortrivalent 

so ions or a mixture thereof, B represents Ti 4 *, Nb 5 * and 
la 5 *, etc., and x can have values of 2, 3, 4 etc. (Bi 2 0 2 ) 2+ 
and ( A*.-, B x 0 3x+1 ) 2 " represent the non-ferroelectric lay- 
er and the perovskite layer,' respectively. The major dif- 
ferences in the crystal structures of BTO and SBT are 

55 the number of the metal-oxygen octahedra and the con- 
stituent elements of the perovskite layer. For SBT, A=Sr, 
B=Ta, and x=2, while for BTO, A=Bi, B=TO, and x=3. 
[0029] Fig. 2a shows the photoemission spectra of Bi 
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4f and Sr 3d core levels of the reduced (brok n line),and' 
oxidized (solid line) thin films of SBT. The Bi 4f peak for 
the reduced SBT thin film is shifted. toward a lower bind- 
ing energy side, while. the Sr 3d,peak of the reduced 
SBT thin film nearly coincides with that of. the. oxidized 5 
SBT thin film. The width of the Sr 3d peak of the reduced 
SBT thin film is nearly the same as that of the, oxidized 
SBT thin film. These experiment resultsjeach that, for 
the reduced SBT thin film, most oxygen vacancies are 
produced in the vicinity of the volatile Bi atoms of the 10 
Bi 2 O s layers. ---•.•=.■.- 
[0030] Fig. 2b shows the photoemission spectra of Bi 
4f and Ti 2p core levels of reduced (broken, line) and 
oxidized (solid line) thin films of BTO. The Bi 4f peak 
and Ti 2p peak for the reduced BTO film are shifted to- is 
ward a lower binding energy side, and the Ti 2p peak 
for the reduced BTO film is broader than that for the ox- 
idized BTO film. These experimental results teach thai, 
for the reduced BTO thin film, oxygen vacancies were 
generated not only in the neighborhood of the Bi atoms 
of the Bi 2 O z layer but also in the perovskite layers. 
[0031] The difference in the oxygen stabilities of BTO 
thin film and SBT thin film results from the difference in 
local constituent elements of the perovskite, layer,- and 
this difference in oxygen stabilities explains why BTO 
and SBT thin films exhibit totally different fatigue behav-^ 
ior. That is, SBT thin film shows substantially no fatigue 
since oxygen vacancies are rarely produced in the per- 
ovskite layer. On the other hand, BTO thin film exhibits 
fatigue because oxygen vacancies are easily generated 
around the volatile Bi atoms in the perovskite layer. 
[0032] Therefore, it can be concluded that BTO hav- 
ing relatively large value of remnant polarization (=60 
u.C/cm 2 ) in bulk and low processing temperature can 
provide an excellent ferroelectric material for FeRAM if 
the oxygen stability in the perovskite layer is improved. 
To confirm this conclusion, a ferroelectric capacitor was 
fabricated using Bi 4 . x La x Ti 3 0 12 obtained by substituting 
La for Bi of BTO. 

[0033] Fig. 3 illustrates the crystal structure of 
Bi4. x La x Ti30 12 . It can be seen that La atoms occupy 
some of the A-sites in the perovskite layer of 
Bi4. x La x Ti30 12 . It is known that the substitution of La for 
Bi substantially usually occurs in the perovskite layer 
rather than in Bi 2 0 2 layer (see Physical Review 122, 
804-807(1961 ), E. C. Subbarao). However, some atoms 
of La might be substituted for the Bi atoms in the Bi 2 O a 
layer. 

[0034] The preferred embodiment of this invention will 
be described below referring to the accompanying draw- 
ings. 

[0035] Fig. 4 shows the fabrication process How of the 
ferroelectric capacitor having B^^La^ 75 T 3 0 12 thin film 
in accordance with the present invention. The known 
techniques for depositing ferroelectric thin films can be 
classified into two major cat gories, physical deposition 
and chemical deposition. The most commonly used 
methods among physical deposition techniques include 



RF magnetron sputtering,, ion beam sputtering, and la- 
ser ablation. Recently, chemical methods of depositing 
ferroelectric films* have become popular, for example 
metalorganic.CVD and sol-gel deposition. In the pre- 
ferred embodiment,.Bi 3 asLao ygTgOfa thin film is formed 
by PLD (Pulsed Las / Deposition) which is well known 
in the art as a formation method of oxide thin films. How- 
ever, the scope of the present invention is not limited to 
a nonvolatile ferroelectric capacitor fabricated by PLD. 
[0036] Step 1 10 to step 1 60 in Fig. 4 illustrate a proc- 
ess flow to make a B^^LSq^T^D^ target for PLD. 
Powders of Bi 2 0 3 , La 2 0 3 , Ti0 2 are mixed in mole ratio 
of : 13:3:24 at step 110. The powder mixture is then 
ground for, about 4 hours at step 1 20, and then subject 
to calcination at 800°C (step 130). Proceeding to step 
140, -the. calcinated mixture is ground for another 4 
hours, and pressure-molded at step 1 50. The fabrication 
of the Bi 3 2S La<j 7S T 3 0 12 target for PLD is completed by 
sintering the pressure-molded pellet at about 1100°C 
20 (step 160). 

[0037]; SiO a layer of 50 A, Ti. layer of 200 A and Pt 
bottom electrode layer of 2000 A are deposited on a sil- 
icon substrate in that sequence. At step 200, 
Bi 3.25 l - a 0.75T3 o i2 laver of 7000A is formed on the Pt bot- 
25 torn electrode layer at the substrate temperature of 

400°C by PLD using the Bi 3 -^La^- 75^0! 2 target. Th - 

substrate is then post-annealed at 700°C for 1 hour in 
an oxygen atmosphere to change the phase of the de- 

— posited Bi 3 2 5La 0 75^0,2 thin film into the layered per- 
30 ovskite phase. - - - - - -- 

[0038] Fig. 5 shows the XPS data of reduced (broken 
: line) and : oxidized (solid line) Bi 325 La 075 T 3 O 12 thin 

- --. - films. The.,Bi ,4f . and the Ti .2p peaks of . the. reduced . 
Bi 3.25 La o.7sT3 0 i2 tnin film substantially overlap with 

35 those of the oxidized^Big 2S La 0 . 7S T 3 0 12 thin film, which 
shows that the stability of oxygen in the perovskite layer 
was improved by the substitution of La. 
[0039] In order/to measure operation characteristics 
of. the ferroelectric capacitor, a Au top electrode layer is 
40 deposited at.room temperature by the thermal evapora- 
tion method using, a shadow mask. Fig. 6 illustrates a 
cross section of the ferroelectric capacitor having 

Bi 3.2S La 0.7S T 3 O 12 ? hin film - 

[0040] Hysteresis curves. of the Bi 3 ^Lao 7S T 3 0 12 thin 
fs film in Fig. 7 reveal that the ferroelectric thin film has a 
larger value of remnant polarization (Pr=13 u.C/cm 2 ) 
than that of SBT thin film and shows no asymmetric be- 
havior which may result in imprint failure of memory cell. 
It should be noted that remnant polarization of the SBT 
so film deposited by PLD is only about 3 u.C/cm 2 (see Appl. 
Phys. Lett. 67, 572-574(1995), R. Dat etal.). The solid 
and open circles in figure 7 represent the hysteresis 
curves before and after being subjected to 3x 10 10 
read/write cycles, respectively. The fact that hysteresis 
55 curves before and after 3 X 10 10 cycles substantially 
overlap with each other means that Bi^La^ 75 T 3 0 12 
thin film is substantially free of fatigue. 
[0041] Fig. 8 illustrates the results of PUND switching 
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tests up to 3x 10 10 cycles'to evaluate fatigu charac- Claims^' " , ! ' vii :•. - . .- 
teristtcs of the Bis^sLao^jTsOVa thin film. The- test re- ; >•■..-• - ,-" _ ' -" ; 
suits in Fig. 8 confirmed .that the" difference between 1 = A nonvolatile ferroelectric capacitor comprising lay- 
switched polarization (P*) and non-switched polariza- " ered ' perovskite ' ferroelectric thin • " film of 
tion(P A ), (P*-P A ), which plays critical role in reading out s :Bi4, x A x Ti 3 0 12 , '^herein said A componeht'isnonvol- 
the stored data in ferroelectric memory cell, remains al? atile and at least some atoms of said A component 
most constant at 17 u.C/cm 2 , and thereby ' -occupy -the-' A-sites of- perovskite layer of said 
Bi3.25L^o.75 T 3 0 i2 tninfilmissubstantial| y :tTeeo,<ati 9 ue - B U.x A x Ti 3°i2.' and wherein x is larger than 0 and 
[0042] Fig. 9 shows test results for dielectric constant ■ smaller thah"4. 

and loss tangent of the Bi 3 2sl^o.75 T 3°i2 tnin fllm ; ' Tne 10 " * •'" ^ 

film is practically nondispersive at the frequency range 2. The nonvolatile ferroelectric capacitor- of claim 1, 
of ICPto 10 6 Hz and has a small value of loss tangent? wherein'said 'A component includes one 'or more el- 
[0043] The Bis^sLao 7sT30 12 thin film is only 'an ex* " ■ ements selected from the group consisting of-Pr, 

ample of Bi 4 . x La x T 3 0 12 thin film. The scope of the Nd; Smf Eu, 'Gd,-T b, Oyi : Ho, Er, Tm, Yb, and Lu. 

present invention is not limited to the case of x=0. 75 but is ■ " . ■ 

covers all x values which make Bi 4 . x La x T 3 0 12 thin filrri 3/ • The nonvolatile ferroelectric capacitor of claim 1, 
free of fatigue. According to publications by R.A AmV '■*•■ wher-eih said A component is La. 

strong et.al (Mat. Res. Bull. 7,T025(1 972)), the contents .;-''■'.•■.--:■;.;:-;■- .- -. . 

of which are incorporated herein by reference, x corre- 4: 'Thefiohvolatileferrberectric capacitor of any one of 
sponding to the solubility limit of La in BTO is 2.8-and 20 ■ o C !atms f to 3, wherein x is larger than 0 and smaller 
the improvement of oxygen stability, in perovskite. layers than 2.8. -■ ~ 

thus the suppressing of fatigue, may be achieved by . . ! . ' ,: -: - '.. 
substituting other non-volatile elements such as Pr, Nd, 5. • The nonvolatile ferroelectric capacitor^of claim 4', 

Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,_Lu. and a mixture _. .^wherein X is 0.75. ; 1 . j; • 

thereof • : • -•— -- - • • 25 . •• ------- — ' • • 

[0044] The structure 'and bperation-of a 'nonvolatile -- 6. A nonvolatile' ferroelectric memory- comprising a 
ferroelectric memory comprising a nonvolatile ferroelec- nonvolatile ferroelectric capacitor capacitor of any 

trie capacitor are well known in the art and is not provid- one of claims 1 to 5. • - 

ed herein. However, it will be understood that a honvol-" : ~" ;."r" -~ 
atile ferroelectric capacitor according to this invention 30 ■ • : 
maybe utilized therein. . ' •••*•• • - 3 -V - • •• 
[0045] Since Bi^La^C--, 2- thin film is substantially ■ ~ ■ 

free of fatigue as described above, a nonvolatile ferro- ----- i ^L-" , -'" u j- v "' i " 

electric capacitor having Bi^xl^^O^.thih filmcao pro 1 •-'»'•*• 
vide a high read ; writeendurance. Furthermore, the large as '' .v-j-j- :r 
remnant polarization of Bi^La^O^ thin film enables - - '^ •-<> 

the change of the polarization states to be 'easily " ■ '- - 

sensed. .In addition, the processing temperature-' of 
Bi 4lx La x T 3 0 1 2 thin film- is lower than that of SBT, which 
makes it easier for the processing! of BLT thin film to; be 40 to 
incorporated intothe conventional serniconductorlab'ri^ v- - <*'' "- ;t; 
cation processr tr -.--.i "• '•'■■■^ 

[0046] Because it is not necessary for the buffer lay- "' ■•■■ '■''"' 

ers to be formed between the metal electrode and the '-" '. >''■ 
ferroelectric thin film-; the fabrication process of a non- "s , . ' 

volatile ferroelectric capacitor of this invention'can be 
simplified and the size and the operating voltage of the 
nonvolatile ferroelectric capacitor can be reduced. ' 
[0047] In view of the above, it can be seen that the 
objects of the invention are achieved and other advan- so 
tageous results are attained. 

[0048] Various changes could be made in the above 
construction without departing from the scope of the in- 
vention, and all matter contained in the above prescrip- 
tion or shown in the accompanying drawings is illustra- ss 
tive and not limitive of the full scope of th inv ntion. ' 
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FIG. 2a 



SBT Bl 4f 1 


10-tarr 




400 lorr 




i Hi iff matolll** 


160 158 


156 


SBT Sr 3d ^~^y^ 




t ■ . 1 --■ 





136 134 132 

binding energy (ev) 



FIG. 2b 



BTO 


Bi 41 




lo^urr 

400 tflIT 




ft r 
f /' 

/ r . 
/ s 

/ * ' 
/ * 


\ s 

\\' Bl 4f 

\ \ 
\ \ 

. X. s - 

\. -v ____ 


metallic 

1 




160 


158 


1S6 


BTO 


Tl 2d 


/s \X 

/ \ v 

• \ s 

X N. 

\ \ 






i 







460 458 456 



binding energy (ev) 



8 



EP 1 035 590 A2 



FIG. 3 



• Bi 

© (BMa) 
o 0 
® Ti 




BU- iLaiTi3 09 



9 

BNSDOCID: <EP 1035590A2J_> 



EP 1 035 590 A2 

FIG. 4 
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